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Abstract 
 
ANNUAL ROAD SALT BUDGET DURING THE 2013-2014 SEASON IN AN 
UNCONFINED AQUIFER, SOUTHEASTERN, MA. 
 
Bianca Bello 
Advisor: Dr. Rudolph Hon  
 
Road de-icing salts (predominantly NaCl, CaCl2, and MgCl2) are applied each 
winter in the northern US, northern Europe, and Canada to maintain safe driving 
conditions. It is widely recognized that road salt enters the environment through runoff 
and infiltration (Williams et al., 2000; Ostendorf, et al., 2001; J. Marsalek, 2003), 
resulting in salinization of freshwater (Godwin et al., 2003; Kaushal et al., 2005; Kelly et 
al., 2012). The chloride concentration (a proxy for de-icers) has doubled in the last 20 
years in the groundwater Norwell, MA, the primary public water supply for the town’s 
residents, and often exceeds the EPA secondary drinking water standard for chloride. The 
annual budget TDLCl of Third Herring Brook in Norwell, MA is estimated using specific 
conductance and discharge datasets to determine the retention of dissolved de-icers in the 
watershed during the study period. The estimated retention rate is between 59% and 78%. 
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Extended Summary 
 
It is widely recognized that road de-icing salts (predominantly NaCl, CaCl2, 
MgCl2) enter the environment through runoff and infiltration (Williams et al., 2000; 
Ostendorf, et al., 2001; J. Marsalek, 2003), resulting in salinization of freshwater 
(Godwin et al., 2003; Interlandi and Crockett, 2003; Thunqvist, 2004; Kaushal et al., 
2005; Kelly et al., 2012). The chloride concentration (a proxy for de-icers) has doubled in 
the last 20 years in the groundwater Norwell, MA, the primary public water supply for 
the town’s residents, and often exceeds the EPA secondary standard for chloride 
(250ppm). The objective of this study is to calculate the annual budget of total dissolved 
chloride load (TDLCl) in Third Herring Brook in Norwell, MA. TDLCl is estimated using 
specific conductance and discharge datasets. The TDLCl transported out of the watershed 
by the stream is compared to the amount of chloride applied annually to estimate the 
retention of de-icers during the study period of November 2013- November 2014. Two 
models of stream flow are used to determine the transported load of dissolved chloride. 
The first model (THB model) is based on the calculated discharge from the Third Herring 
Brook rating curve from stage measurements, and the second model (J-IH model) uses 
the area normalized flow of neighboring streams gauged by the USGS, Jones River and 
Indian Head River, that represent typical flows for this region. Retention is calculated as 
the difference between the dissolved chloride load transported by the stream, and the 
chloride applied to the watershed during the November 2013-November 2014 study 
period. Annual dissolved chloride retention in Norwell is between 58% and 79%, 
according to the two stream flow models used to calculate TDLCl. 
  1 
 
1.0 Introduction 
Road de-icing chemicals are applied each winter on impervious surfaces in the 
northern US, northern Europe, and Canada to maintain safe driving conditions when 
snow and ice are present on the roads. Road de-icers have reduced the number of 
accidents in snowy conditions by as much as 88%, and the number of related injuries and 
costs by 85% (Marquette University, 1992). In addition to safety benefits, the economic 
benefit of avoiding the shutdown of a city during heavy snowstorms exceeds the cost of 
the quick removal of snow by de-icers (American Highway Users Alliance, 2009). 
The most commonly used road de-icers are composed of sodium chloride (NaCl), 
calcium chloride (CaCl2) and magnesium chloride (MgCl2) salts. Salts are effective de-
icers because saline solutions have a lower freezing point than fresh water, which allows 
them to remain as liquid even if temperatures drop below the freezing point of fresh 
water (0°C). At the freezing temperature, water molecules arrange in a hexagonal 
crystalline structure held by H-bonds, and the chemical potentials of solid (µs) and pure 
liquid water (µ*l) are equal. When solute molecules or ions are introduced into solution, 
the chemical potential of liquid water is reduced. A lower chemical potential makes the 
liquid water more energetically stable than ice, causing the ice to melt, as the liquid phase 
is thermodynamically favored (Atkins, 2006).  
For an ideal dilute solution, the chemical potential of the pure solvent (pure water 
in this case) is expressed as µ*l, and when a solvent is present the chemical potential of 
the solution, µl, is  
µl = µ*l + RTln(xl) 
where xl is the mole fraction of solvent. As solute molecules are introduced, the mole 
fraction of solute is less than 1, making the natural log of the mole fraction negative, 
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reducing the chemical potential of the solution. The chemical potential can be expressed 
in terms that can be measured directly by rearranging the equation for chemical potential: 
 𝑙𝑛(𝑥𝔩)   =    (µμ!   −   µμ∗𝔩)/𝑅𝑇 
 
Taking the derivative of both sides, at constant pressure, the equation becomes: 
 
𝑑𝑑𝑇 ln  (𝑥𝔩)   =   − (µμ!   −   µμ∗𝔩)𝑅𝑇! + (( 𝑑𝑑𝑇 µμ!)! + ( 𝑑𝑑𝑇 µμ∗!)!)𝑅𝑇  
 
Since µ = H – TS, and !!" (µμ)! = -S, these terms can be substituted into the equation: 
 𝑑𝑑𝑇 ln 𝑥𝔩 =   − 𝐻! − 𝐻∗!𝑅𝑇! =   ∆𝐻!"#𝑅𝑇!  
 
Collecting all temperature dependent terms on the right and integrating from conditions  
 in pure water to those in solution,  
 
𝑑𝑙𝑛 𝑥! = ∆𝐻!"#𝑅𝑇! 𝑑𝑇!!!  
 
ln 𝑥! =   ∆𝐻!"#𝑅 (𝑇 − 𝑇!)𝑇𝑇!  
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where T0 is the freezing point of pure liquid water, and T is the freezing point 
temperature of the solution. In dilute solutions, T is about equal to T0, and ln(xl) = 1-xsolute 
= –xsolute. Substituting these terms, the above equation becomes  
 
−𝑥!"#$%& =   ∆𝐻!"#𝑅 (∆𝑇)𝑇!  
 
Rearranging, ∆T, the freezing point depression is expressed as 
 
∆T = 𝑅𝑇!∆𝐻!"# 𝑥!"#$%& 
 
As shown in the equation above, the freezing point depression depends on the solvent, 
and the heat of melting (Atkins, 2006). Freezing point depression is a colligative 
property, meaning it depends on the number of solute molecules or ions, not the identity 
of these molecules.  
The effectiveness of a de-icer is based on its eutectic point, which is the lowest 
possible freezing temperature of a solution. The eutectic point of NaCl and CaCl2 is          
-21°C and -51°C, respectively, and the phase diagrams of NaCl and CaCl2 solutions are 
shown in Figure 1 (Federal Highway Administration, 1996). Calcium chloride and 
sodium chloride salts are effective de-icers due to their relatively low molecular weight 
and ability to dissociate into two to three ions in solution, resulting in a high number of 
solutes per kilogram of solvent and high freezing point depression.  
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Figure 1: The phase diagrams of aqueous NaCl and CaCl2 solutions (Federal Highway 
Administration, 1996). 
 
Although calcium chloride is a stronger de-icer and does not add sodium to the water 
supply (which has negative effects on human health) it is not used as liberally because it 
is more than three times the price of sodium chloride (NaCl $42/ton, CaCl2 $140/ton. 
Kelton et al. 2010). 
Road salt use in the United States has substantially increased since it was first 
introduced in the 1940’s, due to population growth, increased popularity, and road 
density. The United States uses about 20 million tons of road salt each year, compared to 
the 1 million tons used in 1940 (The Salt Institute, 2005). Despite the benefits of road de-
icers, it is widely recognized that road salt must enter the environment through runoff and 
infiltration (Williams et al., 2000; Ostendorf, et al., 2001; J. Marsalek, 2003), resulting in 
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salinization of freshwater . The higher density and lower freezing point of saline solutions 
allow them to enter the subsurface even during colder months when infiltration of 
freshwater does not occur. It is difficult to precisely track road salt, because the cationic 
components of road de-icers (sodium, calcium, and magnesium) are not conservative 
tracers in the environment. Conservative tracers are materials that are chemically and 
biologically inert. The chloride ion (unlike sodium, calcium, and magnesium) is not 
subjected to uptake by biota in the ecosystem, or reactions with water or sediment that 
would cause it to be removed from the dissolved state. For this reason the anionic 
component of road de-icers (chloride) is used as a proxy for road salt. Chloride is a 
conservative tracer in the environment, and is not found in high concentrations in fresh 
water (Godwin et al., 2003; Interlandi and Crockett, 2003; Thunqvist, 2004; Kaushal et 
al., 2005; Kelly et al., 2012), which allows for a simple tracking of large peaks in the 
chloride system. Studies have shown that the chloride concentration in groundwater and 
surface waters during the summer and fall seasons in watersheds impacted by salt are 
consistently higher than background chloride concentration, long after the winter salting 
season (Kelly, 2008,  Likens, et al., 2010; Rosenberry, et al., 1999, Howard and Haynes, 
1993). A study by Kaushal et al. (2005) observed chloride concentrations in Maryland, 
New York, and New Hampshire streams approach levels equal to 25% of seawater 
chloride concentration in the winter, and up to 100 times greater than pristine streams in 
the summer. This indicates that salt is retained in the aquifer and eventually exits a 
watershed through groundwater discharge into streams (baseflow) sometime in the future. 
Surface water runoff removes a small portion de-icers during the winter and spring 
seasons.  
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Road salt is an important part of maintaining driver safety during winter storms, 
but studies have shown that anthropogenic loading of rock salt (NaCl) and other chloride 
salts, such as calcium chloride (CaCl2) and magnesium chloride (MgCl2), degrades 
groundwater and surface water quality (Jones et al., 1992; Shanley, 1994; Williams et al. 
2000). Groundwater and surface water with high levels of salt can have negative effects 
on human health, and ecosystem communities depending on salt intolerance. The 
chloride ion is highly electronegative and biologically reactive. It has the ability to enter 
the cell wall and bind to DNA, enzymes, proteins, lipids, and destroy the cell. Tuned to 
the proper concentration, this process will continue and ultimately destroy the organism 
(World Health Organization, 2006). At 230 ppm, designated as the chronic level by the 
EPA, the chloride concentration in water begins to make the environment uninhabitable 
to some freshwater aquatic life. A study by Williams et al. (2000) found that aquatic life 
decreased in areas impacted by road salt, and resulted in a shift to more saline tolerant 
species.  
Cation exchange is another environmental concern of road salt contamination, 
which introduces a higher concentration of sodium cations into the environment. Clay 
minerals have a net negative charge, which act as sorption sites by cations on the mineral 
surfaces. The amount of charge and the capacity of the mineral to sorb cations is called 
the cation-exchange capacity (CEC). The CEC can vary depending on the particular clay 
mineral, the nature of the ions occupying the exchange sites, and the pH of the solution 
(Bricker, 1999.) According to Backstrom (2003), laboratory studies show that sodium 
cations in the soil from rock salt (NaCl) de-icers can displace metals such as chromium, 
lead, nickel, iron, and copper from organic matter. These cations are similar in size and 
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charge to sodium, but are far more toxic. Another result of cation exchange is nutrient 
depletion. Sodium has the ability to replace calcium and magnesium, which are essential 
nutrients in soil (Shanley, 1994). 
Saline groundwater has also become a public health concern for those who rely on 
the groundwater as a source of drinking water. Salt is a necessary part of the human diet 
and is needed for the balance of bodily fluids, nerve, and muscle function (National 
Institute of Health, 2013). If salt is consumed in excess, people may exhibit symptoms of 
hypertension, which is a risk factor for cardiovascular disease and death (Jones et al., 
1992). 
2.0 Background 
2.1 Study Site Geology & Land Use 
 
The research site for this study is a headwater drainage area of Third Herring 
Brook, which includes the Old Pond Meadow (OPM) Aquifer in southeastern 
Massachusetts (Figure 2). The town of Norwell is 37 kilometers south of Boston in the 
South Coastal watershed, and has an area of 54.70 square kilometers with a population of 
10,506 (US Census Bureau, 2010). 
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Figure 2: Left: Map of the Town of Norwell with the drainage area of Third Herring 
Brook: in red, the Old Pond Meadow aquifer, in blue the South Street Well Field. Right: 
Zoomed in area showing location of Third Herring Brook. 
 
The Third Herring Brook drainage area provides a good environment to study road salt 
transport and retention due to the relatively small watershed size, simple hydrology, and 
land use.  The aquifer, a principle water supply to the towns of Norwell and Hanover, is 
an unconfined, composed of silt, sand and gravel overlying glacial deposits (Norwell 
Water Department, 2012). The soil consists of glacial sediments with grain size 
decreasing upward with coarse sand in surface soils and unsorted glacial till within 
glacial features (Reed, 1995).  
The major land cover types within the OPM aquifer are forested wetland (25.0%), 
forest (17.4%), very low-density residential (13.6%), non-forested wetland (11.0%), and 
low density residential (6.7%) (MassGIS, 2012). Other individual land use types are less 
than 3.5% each.  
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2.2 Hydrology of Third Herring Brook & Water Use  
 
The headwater of Third Herring Brook is a shallow basin in the northwest area of 
the OPM aquifer that was dammed to form Jacobs Pond.  Jacobs Pond was formed in 
1730, and is approximately 60 acres in size (Norwell Conservation Commission, 2002). 
Downstream of the dam, the stream flows along lowlands between glacial 
features, with 150 feet change in elevation relief to near sea level and confluence with the 
North River. The Old Pond meadow aquifer has a well filed that supplies drinking water 
to 10,506 residents in Norwell and 13,879 residents in Hanover. The water pumped from 
the aquifer is treated at the South Street water treatment plant. The raw groundwater is 
mildly acidic with elevated levels of iron and manganese. To adjust for pH, potassium 
hydroxide is added to the water. Potassium permanganate is then added to oxidize and 
precipitate iron and manganese, which are filtered out of the water. Sodium hypochlorite 
is added to disinfect the water to remove potentially harmful bacteria (Norwell Water 
Department, 2012).  
The two pumping wells in the South Street well field are NOR-1 and NOR-6. The 
treated water is pumped into storage tanks and is later distributed to the residents 
(Norwell Water Department, 2012). The town of Norwell has a permit from the 
Department of Environmental Protection to pump an average of 1.35 million gallons per 
day. The system pumps about 337 M gallons per year with the highest demand in June, 
with demand reaching up to 2M gal/day. A similar well field exists on the western side of 
Third Herring Brook within the Town of Hanover. 
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2.3 History of Deicer Contamination in Norwell 
 
Over the past 20 years, the chloride concentration in the deep zones of the OPM 
aquifer (at the South Street public water wells) has more than doubled and is projected to 
reach the Environmental Protection Agency (EPA) secondary drinking water standard of 
chloride (250 mg/L) by 2020 if the application rate of road salt is not changed or if the 
point sources of salt loading are not remediated (Anderson, 2013). Data collected during 
this winter and summer season (November 2013-November 2014) show that the 
concentration of chloride in the surface water of Third Herring Brook is considerably 
higher than the near-pristine levels found in Hubbard Brook, NH, a protected 
biogeochemical reference watershed. The data show that not only is the surface water 
more saline than it would be under natural conditions, but both the EPA secondary 
drinking water standard (250 mg/L, EPA, 2006) and the aquatic life limit (230 mg/L, 
Siegel, 2007) of chloride concentration were exceeded during this time period.   
The high concentration of chloride outside of the winter season is an indication 
that the applied chloride is not being completely removed from the watershed after the 
winter season, resulting in salinization of groundwater. For these reasons, the water 
quality of Norwell will be studied to quantify the extent of contamination and chloride 
retention in hopes of informing future remediation decisions.   
3.0 Objectives  
 
The objective of this study is to determine the watershed chloride budget (a proxy 
for total road salt). The studied watershed is a small, well-defined watershed in Norwell, 
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MA where TDLCl is not in steady state (the applied chloride is greater than the chloride 
removed), resulting in groundwater salinization over time. The transport (chloride 
removed through stream flow) and retention rate (remainder of applied chloride not 
transported) of chloride in Third Herring Brook watershed over a one-year period (2013-
2014) will provide data on the imbalance of the sources and sinks of road salt, and allow 
the quantification of the annual retention rates of de-icers in Norwell.   
4.0 Methods 
4.1 Study Design 
Four AquaTROLL-200 probes were deployed along a short half-mile segment of 
Third Herring Brook in Norwell, MA (Figures 3 and 4). This segment defines the town 
line between Norwell and Hanover, and runs past several potential point sources of salt 
and the public drinking water supply wells. The specific conductance data collected by 
the AquaTROLL-200 probes is converted to chloride concentration by calibrating 
specific conductance to chloride, and the water pressure data is converted to water 
column height and input into a rating curve equation to calculate stream discharge. The 
probes are programmed to collect data every 15 minutes to avoid temporal bias. The 
discharge and chloride concentration will allow for the calculation of total dissolved 
chloride load. The data collected at each probe will allow for the analysis of point source 
loading of de-icers in each segment of Third Herring Brook. 
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Figure 3: A map of the study site showing Third Herring Brook (blue line), deployed 
AquaTROLLs (red dots), drinking water wells (yellow dots), and suspected point sources 
of salt (shaded pink) (MassGIS, 2010, Norwell Water Dept, 2012).  
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Figure 4: Probe deployment at Mill Street (point A). The AquaTROLL-200 probe was 
fastened to a PVC pipe and attached to the stream gage to ensure the probe wouldn’t drift 
from that position over time.  
 
4.2 Study Approach 
Dissolved chloride is a common component of roadway de-icers (NaCl, CaCl2, 
MgCl2) and is a conservative tracer in the environment. For this reason, dissolved 
chloride is used as a proxy for total road salt dissolved load estimates. A high frequency 
(15 min) specific conductance (a proxy for chloride concentration) and water depth 
(discharge) dataset will be used to calculate the dissolved chloride load removed from the 
aquifer according to the following equation. Equation 1 estimates the TDLCl for each 15 
minute time segment. The daily, monthly, and annual TDLCl is a summation of the 15 
minute data for those respective time periods. 
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Equation 1: TDLCl 15 min = Q(L/s)*60s/min*15 min*Cl (mg/L) = Cl mg 
 
This dataset of TDLCl is partitioned into baseflow and event flow (i.e., following a storm 
event) components to separate the total dissolved load of chloride removed by each of 
these flow mechanisms using hydrograph separation techniques developed by Murdoch, 
L., 2012.  This allows for the monitoring of road salt transport out of the watershed and 
determination of which flow mechanism dominates the removal of contaminants from the 
watershed. The total amount of chloride transported out of the watershed is a summation 
of the TDLCl of baseflow and event flow components. 
4.3 Instrumentation 
 
AquaTROLL-200 probes (Figure 5) record water pressure (±0.05% full scale), 
aqueous specific conductance (±0.5%), and water temperature (±0.1°C) (McKee, 2007). 
 
 
Figure 5: Aqua TROLL-200 probe (McKee, 2007). 
 
This instrument measures conductivity by applying a controlled excitation voltage across 
electrodes in the solution and measuring the electric current that flows between them. 
Conductance is converted to specific conductance by normalizing it to 25°C (McKee, 
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2007). Unlike chloride ion-selective electrodes, which need frequent calibration to avoid 
instrument drift, the Aqua TROLL-200 probe is a rugged, stable instrument that can be 
left in place for years before re-calibration is needed (In-Situ Inc. 2012). For this reason, 
specific conductance is used as a proxy for chloride in the field (Kelly, 2008,   Likens, et 
al., 2010; Rosenberry, et al., 1999, Howard and Haynes, 1993)  
4.4 Chloride Concentration from Specific Conductance Data 
A solution’s ability to conduct electric current is directly proportional to its ionic 
strength. In water, electric current is carried by ions in solution. As a result, the measured 
current is proportional to the number of ions in solution. According to Kohlrauch’s law of 
independent migration of ions (Equation 2, Kohlrausch, 1876), the conductivity of a 
solution is linearly dependent on the concentration of ions in dilute solutions where 
Henry’s Law can be applied.  
Λ = 𝑣!𝜆!!!!!  
Equation 2: Kohlrauch’s law of independent migration of ions. Λ=molar conductivity of 
the solution, n=total number of ionic species present in the solution, v=number of ions i 
in the solution, and 𝜆=partial molar ionic conductivity of ion i.  
  
The linear relationship between chloride concentration and specific conductance 
can be used to determine the concentrations of dissolved chloride in streams through 
empirical calibration (Hem, 1985). Both surface water and groundwater samples were 
collected during the spring and summer of 2014 along Third Herring Brook. The 
measured specific conductance (by AquaTROLL-200 probes) and chloride concentration 
(measured in the laboratory with an ion chromatograph) of each sample were used to plot 
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a calibration curve for Norwell (Figure 6). This linear equation is used to convert specific 
conductance to chloride concentration.  
 
 
Figure 6: The empirical trend line developed for the chloride concentration from specific 
conductance of 124 samples in the Norwell area. The measured specific conductance (by 
AquaTROLL-200 probes) and chloride concentration (measured in the laboratory with an 
ion chromatograph) of each sample were used to determine this empirical trend. 
4.5 Stream Discharge from Water Pressure Data  
 
Third Herring Brook is gauged by the Massachusetts Division of Ecological 
Restoration (DER) and stream stage and discharge data are collected weekly at a stream 
gauge at Mill Street where probe A is located (Parker, 2014). The measured stream 
discharge (cfs) and water column pressure (water height) are input into the specific rating 
curve equation developed for Third Herring Brook (Appendix 1 Table A). A rating curve 
equation (Equation 3, Rantz et. al, 1982) is used to calculate stream discharge (in cfs) 
from stage (water height) data. The discharge data from the rating curve and the chloride 
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concentration from specific conductance are used to calculate the TDL of chloride in the 
stream.  
Equation 3:  𝑄 = 𝐾(𝑧 − 𝑧!)!  
Q= Flow rate       z= stage height 
K, b= constants   z0= stage height when Q=0   
 
To find z0, the lowest flows were plotted against the corresponding stage values (Figure 
7a). The linear equation was solved for z0, the stage when y=0.  Using this value for z0, a 
plot of log(Q) vs. log(z- z0) (Figure 7b) is used to solve for the constants K and b 
according to the following linear relationship:  
Equation 3: log Q = log K +   b ∗ log(z− z!) y = a+ bx 
 
Figure 7a: Low flow and stage data is plotted to solve for z0. Data provided by the DEP 
(Parker, 2014) 
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Figure 7b: The rating curve constants K and b are determined from the linear 
relationship between log(Q) (of measured Q) and log(z – z0).  
 
Substituting values in for K, b, and z0, the rating equation for Third Herring Brook is: 
 
Equation 4: 𝑄 = 16.166(𝑧 − 0.882)!.!"# 
 
The measured discharge and calculated discharge from the above equation are plotted in 
Figure 8 to show graphically the accuracy of the rating curve equation. The error is 
discharge dependent, with average higher flows being underestimated by 12%, average 
lower flows overestimated by 15%, and average regular flows underestimated by 2%.  
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Figure 8: A comparison of Qcalc, calculated discharge from the rating curve equation, and 
Qmeas, the measured discharge data provided by the Massachusetts DER (Parker, 2014). 
The percent error of calculated discharge from the rating curve is shown in green, and is 
discharge dependent (Appendix 1, Table A). 
5.0 Results 
5.1 Calculation of TDLCl from Specific Conductance and Stream Flow Data 
 
Measurements of discharge and specific conductance are taken at discrete 
intervals. The specification of the interval is important to prevent bias in the data. If the 
data is under-sampled, some variations in stream flow and chloride concentration are not 
accounted for, resulting in error in the calculation of TDLCl. If the data is oversampled, 
one is left with unnecessarily large datasets that don’t contribute to the accuracy of the 
calculation of TDLCl. The goal is to find the optimal sampling interval that will yield 
unbiased data. Figures 9 through 16 show an example of specific conductance and 
discharge data recorded at 15 minute, 30 minute, 60 minute, and 12 hour intervals. Data 
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for the 30 minute, 60 minute, and 12 hour intervals is every other point, every four points, 
and every 48 points from the 15 minute interval data, respectively. 
 
Figure 9: Specific conductance data (µS/cm) collected every 15 minutes on January 6th, 
2014 
 
 
 
Figure 10: Specific conductance data (µS/cm) collected every 30 minutes on January 6th, 
2014 
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Figure 11: Specific conductance data (µS/cm) collected every 60 minutes on January 6th, 
2014 
 
 
 
Figure 12: Specific conductance data (µS/cm) collected every 12 hours on January 6th, 
2014 
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Figure 13: Discharge data (cfs) collected every 15 minutes on January 6th, 2014. 
 
 
 
Figure 14: Discharge data (cfs) collected every 30 minutes on January 6th, 2014. 
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Figure 15: Discharge data (cfs) collected every 60 minutes on January 6th, 2014. 
 
 
 
Figure 16: Discharge data (cfs) collected every 12 hours on January 6th, 2014. 
 
 
As shown in Table 1, a 15 min or 30 minute data collection frequency is appropriate, 
while lower frequencies miss variations in chloride concentration and discharge, resulting 
in a less accurate estimate of total chloride load.  
Pressure (psi) and specific conductance (µS/cm) data collected every 15 minutes 
at four probe locations in Third Herring Brook. Daily averages of this data for each probe 
(A, B, C, D) is tabulated in Appendix 1, Table B. All data is available upon request. 
   24   
 
Table 1: Average daily specific conductance and discharge on July 6th with various 
sampling intervals, and resulting error in calculated TDLCl. 
 15 min interval 30 min interval 60 min interval 12 hour interval 
Average Daily 
Specific 
Conductance 
(µS/cm) 
1028 
 
1027 
 
1025 
 
905 
 
Average Daily 
Discharge (cfs) 
3.86 
 
3.84 
 
3.81 
 
3.30 
 
Average Daily 
TDLCl (Tons Cl) 
3166 
 
3159 
 
3137 
 
2880 
 
% Difference from 
15 minute interval 
in daily sum TDLCl  
 0.32% 
 
0.92% 
 
9.03% 
 
 
5.2 Point Sources of De-icer Loading 
 
Probes A, B, and D (Figure 17) follow similar trends in chloride loading. The 
concentration of chloride is above the EPA secondary standard frequently in the winter 
and summer (Figure 18). Periods after July with zero chloride concentration readings are 
times where the stream was dry. Probe C, at the former Mill Pond Spillway location, 
shows a delayed response in chloride trends (Figure 19). The flow dynamics at this 
location during the period of study are not well understood, and the dam at Mill Pond 
Spillway was removed in September 2014.  
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Figure 17: Probe locations (yellow diamonds) and drainage areas shaded in pink, going 
downstream from probe A towards probe D (Streamstats, 2015). 
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Figure 18: The chloride concentration record at each probe (November 2013-November  
2014). The aquatic life limit is in green at 230 ppm Cl, and the EPA secondary standard 
for Chloride is in red at 250 ppm Cl. The concentration is at zero at probe C and D when 
the stream was dry at that location. 
 
The concentration of chloride at each probe allows for a comparison of potential 
loading sources. If the main point source were from route 3 where most of the state road 
salting occurs, one would expect a dilution of salt downstream. Figure 19 shows the ratio 
of daily average chloride concentration, at each probe (upstream probe : downstream 
probe).  
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Figure 19: The ratio (upstream probe : downstream probe) of daily average chloride 
concentration (mg/L) at each probe in Third Herring Brook, with the red line indicating a 
ratio of 1. The ratio goes down to 0 during the summer season when segments of the 
stream went dry. 
 
Between probe A and B, the ratio is just below one until late June. This suggests 
that in the winter and spring, probe B has a higher concentration of chloride per square 
mile than probe A, indicating a potential point source of loading between A and B. After 
July, the ratio of A/B is above 1, indicating that chloride is higher at point A than point B. 
There is great fluctuation in the chloride ratios of probes B/C and C/D. As seen in Figure 
19, there is a delay of daily chloride trends at probe C. Probe C was deployed at the 
mouth of Mill Pond Spillway, and the cause of this delayed fluctuation of chloride at 
probe C is unknown. The location downstream from probe C does not show this delayed 
Time (mm/yy) 
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signal. The dam at Mill Pond was removed in October 2014, and further data could not be 
collected at this point. 
The ratio of A/D shows an overall dilution of chloride downstream year round. 
This indicates that there is a potential loading source between A and B during the winter 
that carries through to the spring. Further research needs to be done to identify point 
sources along this stream, as the hydrology of the stream changed with the dam removal 
at Mill Pond spillway before the project was completed. 
6.0 Discussion  
6.1 Justification of Chloride-Specific Conductance Calibration 
 
The calculation of TDLCl requires chloride ion concentration. Chloride is a 
common constituent of the most commonly used de-icers (NaCl and CaCl2). It is chosen 
as the chemical tracer for de-icers because it occurs naturally in low concentrations, it is 
highly conductive in aqueous solutions, and is a conservative tracer in the environment. 
However, reliable drift-free measurements of chloride ion concentration cannot be 
measured directly in the field.  Chloride ion selective electrodes drift over 24 hours and 
require frequent calibration. Specific conductance probes require very little maintenance, 
and give drift-free results with great precision (µS/cm) (In-Situ Inc. 2012). For this 
reason, specific conductance is used as a proxy for chloride in the field. Kelly, 2008,  
Likens, et al., 2010; Rosenberry, et al., 1999, Howard and Haynes, 1993)  
Specific conductance was calibrated to chloride concentration by collecting 124 
samples from Norwell (surface water and groundwater), and analyzing the constituent 
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concentrations and specific conductance with a dual channel Dionex ion chromatograph 
system (ICS-1000 and ICS-2100). 
As shown in Figure 20, there is a correlation of specific conductance and chloride 
concentration, but this correlation is strictly empirical. Because there is a good correlation 
(R2 = 0.99) the linear equation is a convenient way to derive chloride ion concentration 
from specific conductance field measurements.  
 
Figure 20: Chloride-specific conductance calibration curve for 124 Norwell samples of 
groundwater and surface water. 
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Figure 21: Chloride-specific conductance calibration curve for chloride in pure NaCl 
solution (Gibson Research Corporation, 1999)  
 
 
The slope of the Norwell calibration curve is 0.307 (Figure 20), and the slope of 
the [Cl-] vs. specific conductance in pure NaCl solution is 0.3441 (Figure 21). Because 
the slopes are similar, it is indicative that the chloride in Norwell is predominantly a 
result of chloride in NaCl.  Figure 22 shows the plot of chloride and specific conductance 
for Ipswich River and the Merrimack River in Massachusetts (USGS, 2001). The slopes 
are less than 0.3, a contrast from the steeper slope of Third Herring Brook data, which is 
closer to the slope of the pure NaCl solution.  
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Figure 22: Chloride- specific conductance calibration curve for Ipswich River and 
Merrimack River (USGS, 2001).  
 
The y-intercept is characteristic to the region, and is a representation of the 
specific conductance range of the natural groundwater and surface water of that region. 
The y-intercept of the Ipswich River and Merrimack River data are within 10 µS/cm of 
Third Herring Brook (USGS, 2001). Due to the higher NaCl content, the y–intercept of 
the Norwell data is more negative, closer to that of the pure NaCl solution.  
  The chemical composition of water samples from Third Herring Brook reflects 
the high input of road salt in this area. Water samples collected in May, June, and July of 
2104 in Third Herring Brook were analyzed for major cations and anions with ion 
chromatography and compared to the water chemistry data from Hubbard Brook 
Experimental Forest in New Hampshire. The Hubbard Brook Experimental Forest is a 
7,600 acre forest that was preserved by the United States Forest Service in 1955 and 
dedicated to long-term studies of forest and aquatic ecosystems. The forest is divided into 
nine experimental watersheds for various studies, with watershed 6 designated as a 
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biogeochemical reference site (Hubbard Brook Ecosystem Study, 2010).  
  The most recent water chemistry data available in Hubbard Brook is from 2010 
(Hubbard Brook Ecosystem Study, 2010). The five-year average concentration of 
calcium, sodium, and chloride during the months of May, June, and July in Hubbard 
Brook watershed 6 is stable over a 5-year period (Appendix 1, Table C). The 
concentration of these ions in Third Herring Brook is significantly higher than in 
watershed 6, (Table 2) reflecting the input of road salt into the watershed. The molar ratio 
of sodium to chloride is near one in Third Herring Brook, a result of the 1:1 molar ratio 
of sodium to chloride in rock salt (Table 3) . In Hubbard Brook, the Na:Cl ratio is about 
3, indicative of the mineral weathering source of sodium and chloride in watershed 6. 
Table 2: The average concentration of calcium, sodium, and chloride in Third Herring 
Brook in the months of May, June, and July, and the 5 year average concentration of 
calcium, sodium, and chloride in Hubbard Brook, NH watershed 6 in the months of May, 
June, and July. 
Third Herring 
Brook 
   
 [Ca] mg/L [Na] mg/L [Cl] mg/L 
May 2014 10.16 2.53 76.38 
June 2014 15.96 3.96 93.24 
July 2014 15.04 3.60 90.13 
Hubbard Brook    
  [Ca] mg/L [Na] mg/L [Cl] mg/L 
May (5 year 
average) 
0.56 0.65 0.30 
June (5 year 
average) 
0.62 0.74 0.33 
July (5 year 
average) 
0.61 0.77 0.33 
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Table 3: The Na/Cl molar ratio in Hubbard Brook and Third Herring Brook for the 
months of May, June, and July. 
 Na/Cl Molar Ratio    
 May June July 
Hubbard Brook 3.31 3.10 3.64 
Third Herring Brook 0.87 0.81 0.83 
6.2 Two Flow Models to Estimate TDLCl and Retention 
The retention of chloride in a watershed is the mass difference between the 
chloride input and output of that watershed (Kelly et al., 2008). The estimation of 
chloride output of a watershed from stream discharge is straightforward and outlined 
above, but the estimation of the input of chloride to the watershed requires a different 
approach. Potential sources of salt input include de-icing salt from state, municipal, and 
private entities, rock weathering, sewage water treatment plants, and home, municipal, 
and industrial water softeners (Kelly et al., 2008). The application rate of salt from most 
of these sources is not recorded or readily available.  
The most reliable source of road salt application rates is from the Massachusetts 
Highway Department. In 2012, they reported the average annual salt use within six MA 
districts, one of which contains the town of Norwell (MHD, 2012). The average amount 
of road salt applied is between 16 to 49 tons per lane per mile per year. In the Norwell 
aquifer, there are 18.2 miles of state roads with 2 lanes per road. The range of annual road 
salt application is between 582 tons and 1784 tons (Equation 4).  Due to the relatively 
harsh winter during the study period, with the lowest average temperature since 2009, 
and 21 inches of total snowfall, about 4 times higher than the two previous years 
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(Weather Underground, 2015), it is assumed that the maximum application rate of de-
icers was used.  
The mass percent of chloride in NaCl, is 60.7% (Equation 5). The input of 
chloride into the system, assuming that the road salt applied is predominantly rock salt, is 
1083 tons per year. The calculation of retention of chloride during this period is achieved 
by subtracting the total dissolved load of chloride from the input of chloride (Equation 6). 
 
Equation 4: 
Salt application rate (tons/ln/mi)*number of lanes*miles of roads=salt (tons) 
49 tons / ln / mi * 2 ln * 18.2mi = 1784 tons road salt 
 
Equation 5: 
(Mass Cl/ Total Mass NaCl)*100%=(35.45/58.44)*100% = 60.7% 
Mass of chloride (max application rate)= 60.7%*1784= 1083 tons Cl 
 
Equation 6:  Retention Cl = Applied Cl (tons) - TDLCl Third Herring Brook (tons) 
 
Third Herring Brook is potentially under the influence of the South Street well 
field. An average of 2 million gallons per day is being removed by the water supply 
wells. The water leaving the watershed through groundwater pumping is a potential 
second chloride transport pathway. For this reason, a simple mass balance of chloride 
transported by the stream compared to the chloride applied is not adequate; one must 
account for the chloride potentially removed by the underground transport pathway. Due 
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to an absence of data for the exact amount of water pumped on a daily basis during this 
study period, two models of total dissolved load were created. The first, based on 
measured data from AquaTROLL-200 probes, and the second based on local USGS 
gauging stations.  
6.2.1 Third Herring Brook Rating Curve TDLCl Model 
The total dissolved load of chloride was calculated from the 15 min-1 discharge 
and chloride concentration data collected at probe A, where the rating curve was 
developed, using the following equation: 
 
Equation 7: TDLCl 15 min = Q(L/s)*60s/min*15 min*Cl (mg/L) = Cl mg15 min 
 
Using Equation 7, TDLCl per data point can be calculated, assuming that the 
concentration of chloride and rate of discharge remain constant between 15-minute data 
points. The daily, monthly, or annual TDLCl is a summation of the 15 minute data over 
the respective time interval.  
6.2.2 J-IH (USGS flow data) TDLCl Model  
  The annual area normalized stream flow in Third Herring Brook is lower than 
neighboring streams in the region such as Jones River and Indian Head River (Figure 23). 
Jones River is located in Kingston, MA, approximately 13 miles South of Norwell, MA 
with a drainage area of 15.7 square miles (USGS, 2014). Indian Head River is located in 
Hanover, MA about 6 miles south of Norwell, MA with a drainage area of 30.3 square 
miles (USGS, 2014). The annual total area normalized stream flow of Jones River and 
Indian Head River are within 4%, indicating that these rivers are a good representation of 
   36   
normal flows in this region. Annual total area normalized flow at Third Herring Brook is 
48% lower than Jones River and 45% lower than Indian Head River.  
 
Figure 23: Area normalized stream flow of Third Herring Brook (green), Jones River 
(red), and Indian Head River (blue). (USGS, 2014) 
 
However, during the winter and spring when the overland flow is isolated from total flow 
by subtracting baseflow, the flow for Third Herring Brook is similar to that of Jones and 
Indian Head Rivers, indicating that Third Herring Brook is depleted in baseflow. The 
total isolated overland flow of ten rain events for Jones River, Indian Head River, and 
Third Herring Brook were compared during different seasons in the study period. After 
the month of May, the difference in overland flow is higher for Third Herring Brook, 
indicating a seasonal change in the hydrology in Norwell.  
  A study by Bent (1999) compared 11 sub-basins within the Housatonic watershed 
in western Massachusetts and found that the baseflow component of stream hydrographs 
ranges from 45.5% to 85.0% of the total discharge recorded at each of the 11 sites. Third 
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Herring Brook falls well below this average, with only 25% baseflow contribution to total 
stream discharge.   
 To simulate normal baseflow conditions for this region in Third Herring Brook, 
the J-IH model uses the average area normalized flow of nearby USGS gaging stations at 
Jones River and Indian Head River adjusted to the drainage area of Third Herring Brook. 
Compared to Jones River and Indian Head River in neighboring watersheds, the annual 
area normalized flow of Third Herring Brook is about 50% less. However, isolated 
overland flow (Figure 24) during rain events show that the watersheds respond similarly 
to event flow as seen in Figures 25 and 26. The annual total flow and hydrographs of 
Jones River and Indian Head are very similar (within 4% annually) and are representative 
of flows in the area. For this reason, the average area normalized flow of Jones and 
Indian Head River adjusted to the drainage area of Third Herring Brook will be used in 
equation 7 to determine the annual TDLCl. 
 
Figure 24: Baseflow is subtracted from total flow during rain events to isolate the 
overland flow response. Rain event 1 for Indian Head River is shown here as an example. 
 
Time (mm/dd) 
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Figure 25: Isolated area-normalized overland flow for a spring rain event, with Jones 
River in blue, Third Herring Brook in red, and Indian Head River in magenta. 
Table 4: Rain Events shown in Figure 11. 
Rain Event  Date Range 
1 11/24/13 – 12/5/13 
2 1/11/14 – 1/24/14 
3 2/10/14 – 3/8/14 
4 3/28/14 – 4/8/14 
5 5/1/14 – 5/10/14 
6 5/22/14 – 5/27/14 
7 5/27/14 – 5/31/14 
8 6/1/14 – 6/9/14 
9 6/12/14 – 6/20/14 
10 7/10/14 – 7/24/14 
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Figure 26: Total sum of area-normalized overland flow discharge per rain event (table 2) 
for Indian Head River, Jones River, and Third Herring Brook. 
 
The isolated overland flow of Third Herring Brook is similar to that of Jones and Indian 
Head River through the month of April (through rain event 5). After April, there is a 
sharp contrast between the overland flow of Third Herring Brook compared to the other 
two rivers, indicating a change in the hydrology of Third Herring Brook during the 
summer months.   
6.3 Stream flow Components of the Two Flow Models 
 
Using an excel program from Clemson University (Murdoch, 2012), the 
hydrographs for each of the two flow models were partitioned into overland flow (runoff 
following rain storms) and baseflow components using the local minimum method. The 
hydrograph separation of Third Herring Brook using the THB Model and J-IH model are 
below (Figures 27, 28). These plots illustrate the differences in baseflow contribution to 
Jones River, Indian Head, and Third Herring Brook. The THB Model has 25% baseflow 
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contribution to total stream discharge, while the J-IH model has baseflow contribution of 
47.5%. This difference in baseflow has a great impact on the TDLCl transported in the 
stream.   
  
Figure 27: Hydrograph separation of Third Herring Brook, using flow from the rating 
curve equation (THB model). 
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Figure 28: Hydrograph separation of Third Herring Brook using the average flow of 
Indian Head and Jones River (J-IH model). 
 
6.4 Comparison of the TDLCl of THB & J-IH Models  
There is a difference in flow between Third Herring Brook and the neighboring 
watersheds after the month of April. This change in flow patterns is reflected in the total 
dissolved load results. Weekly sums of TDLCl are shown in Figure 29 below (Appendix 
1, Table D).   
0 
5 
10 
15 
20 
25 
30 
35 
N
ov-13 
D
ec-13 
Jan-14 
Feb-14 
M
ar-14 
A
pr-14 
M
ay-14 
Jun-14 
Jul-14 
A
ug-14 
Sep-14 
O
ct-14 
N
ov-14 
D
is
ch
ar
ge
 (c
fs
) 
Time (Month-Year) 
Third Herring Brook at Mill Street (J-IH Model) 
Total discharge 
Separated baseflow 
   42   
 
Figure 29: Weekly sums of TDLCl calculated using the THB model (blue) and J-IH 
model (red) (Appendix 1, Table D). 
 
Through the end of April, the trends in TDLCl are similar in the two models. After 
April, there is a steep decline in flow in the THB model, relative to the J-IH model. Table 
5 shows the transport of chloride by season (winter: December/January/February, spring: 
March/April/May, summer: June/July/August, Fall: September/October/November). The 
winter transport in the J-IH model is only about 18% higher than the THB model, 
whereas the spring transport is 47% higher, summer transport is 93% higher, and fall 
transport is 48% higher. The annual TDLCl of the THB model is 48% less than that of the 
J-IH model, with 72% lower annual baseflow TDLCl transport to total dissolved load. 
This relatively low baseflow contribution to TDLCl has an impact the total annual load 
transported by the stream. 
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Table 5: Seasonal, annual, and baseflow chloride transport calculated with the THB 
model and the J-IH model. 
 Winter 
Transport  
Spring 
Transport 
Summer 
Transport 
Fall 
Transport 
Annual 
Transport 
(total) 
Annual 
Transport 
(baseflow) 
Annual 
Transport 
(event 
flow) 
THB 
Model  
134 Tons 
Cl 
86 Tons Cl 5 Tons Cl 9 Tons Cl 234 Tons 
Cl 
59 Tons 175 Tons 
Cl 
J-IH 
Model 
163 Tons 
Cl 
162 Tons 
Cl 
70 Tons Cl 52 Tons Cl 447 Tons 
Cl 
212 Tons 
Cl 
263 Tons 
Cl 
6.5 Annual Chloride Retention in Norwell 
 
The annual retention of chloride is the amount of state applied chloride that is not 
transported by the stream by baseflow or event flow. The calculated transport and 
retention of state applied chloride is shown in Figure 30 and Table 6. The THB model has 
78% retention of state applied salt, and the J-IH model has 59% retention. This shows 
that even if the flow of Third Herring Brook was restored to the average flows of other 
streams in the region, the annual retention rate is still high, with over 50% retention of 
de-icers in Norwell. 
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Figure 30: The transported and retained chloride calculated with the THB model and the 
J-IH model, with the percent retention of transport of applied chloride.  
Table 6: Annual chloride transport and retention calculated with the THB model and the 
J-IH model  
 THB Model J-IH Model 
Cl Transported (Tons/yr) 234 (22% of applied salt) 447 (41% of applied salt) 
Cl Retained (Tons/yr) 849 (78% of applied salt) 636 (59% of applied salt) 
 
Third Herring Brook retained between 59% (J-IH model) and 78% (THB model) 
of the state applied chloride during the 2013-2014 study period. This falls between the 
range of regional chloride retention rates of urban (25%) and rural (95%) watersheds 
(Tedder, 2009).  Regardless of the flow model used, there is over 50% retention of road 
de-icers in the watershed during this time period. This is a logical result, as the baseflow 
contribution to flow is relatively low, and baseflow is needed to flush contaminants from 
the watershed during months where salting is not occurring (Kelly, 2008). This high rate 
of chloride retention is becoming more commonplace in US as road de-icers are more 
ubiquitous. Salinization due to road salt has been observed in rivers (Godwin et al., 2003; 
Interlandi and Crockett, 2003; Thunqvist, 2004; Kaushal et al., 2005; Kelly et al., 2012) , 
groundwater (Reisch and Toran, 2013; Kelly, 2008; Perera et al., 2009; Cassanelli and 
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Robbins, 2013), inland lakes (Ramstack et al., 2004; Novotny and Stefan, 2010; Müller 
and Gächter, 2012), and the Great Lakes (Chapra et al., 2009, 2012).  
The chloride concentration in the Norwell aquifer has doubled in the last twenty 
years (Anderson 2012). For the chloride to increase in the deep aquifer, the application 
rate must be increased or the chloride that is applied must be retained. Two hypothetical 
scenarios are shown below in  Figure 31 (Appendix 1, Table E). The first scenario is a 
constant chloride application rate with a first order exponential decay, the rate of de-icer 
removal via baseflow, shown in blue in Figure 31. The second scenario, in red, is an 
increasing chloride application rate (increasing by 10% annually), with the same first 
order exponential rate of de-icer removal via baseflow.  
 
 
Figure 31: Tons of chloride retained annually over twenty years if chloride application 
rates are constant or increasing by 10% each year. The removal rate is a first order 
exponential baseflow removal, with a half-life of 1 year (Appendix 1, Table E).  
 
The constant application rate scenario most closely matches the chloride retention 
over the last twenty years in Norwell, MA, with a doubling of chloride concentration over 
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twenty years. This indicates that there is a retention process occurring in Norwell, and the 
increasing chloride is not a result of increased loading, but of insufficient flushing of 
chloride from the aquifer on an annual basis. This chloride retention will lead to 
consistently high chloride concentrations in this area. High chloride concentrations will 
continue to have negative impacts on aquatic life, soil nutrient availability, and public 
health for years to come if the road salt contamination is not remediated in the future. 
 
7.0 Conclusion 
• The TDLCl budget can be calculated from high frequency (15 minute interval) 
specific conductance and stream flow datasets. A sample collection interval of 15 
minutes allows for data collection without temporal bias. 
• There is an empirical linear relationship between chloride concentration and 
specific conductance. As a result, chloride can be calculated from specific 
conductance data, which is more reliable and precise to measure in the field than 
other methods such as manual sample collection and chloride ion selective 
electrodes.  
• TDLCl is dependent on stream flow. Because the exact hydrology of Third 
Herring Brook is unclear, the TDLCl budget is calculated from two flow models: 
Third Herring Brook’s rating curve (THB model), and the average area-
normalized flow of two neighboring USGS gauging stations at Jones and Indian 
Head River (J-IH model). There is a seasonal contrast in chloride transport in the 
THB model vs the J-IH model, indicating a change in the hydrology of Third 
Herring Brook in the spring and summer months that results in a depletion in 
baseflow in Third Herring Brook. This depletion in baseflow impacts the amount 
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of chloride transported by the stream on an annual basis, as baseflow is the 
primary mechanism for deicer transport after the winter season. 
• Annual Chloride Retention in Norwell is between 58% (J-IH model) and 79% 
(THB model), and is a result of a retention mechanism, not an increase in de-icer 
application. 
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Appendix  
 
Table A: Measured discharge and stage data (from the DER) used to calculate the rating 
curve for Third Herring Brook. Qmeasured is the raw measured stream flow by the DER. 
Qcalculated is the calculated stream flow, determined by inputting measured stage values 
into the rating curve equation.  
 
Date Stage Qmeasured Qcalculated 
8/26/08 0.66 0.00 0.00 
9/5/08 0.94 0.21 0.27 
9/5/08 0.96 0.27 0.32 
9/24/08 1.06 0.72 0.75 
10/2/08 1.08 0.96 0.86 
2/11/09 1.31 3.28 3.06 
2/11/09 1.43 6.04 4.99 
2/19/09 1.50 7.26 6.43 
3/10/09 1.54 7.85 7.36 
5/11/11 1.59 8.83 8.64 
11/14/12 1.73 12.76 12.97 
2/28/13 1.82 14.60 16.39 
10/2/13 2.28 35.33 43.18 
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Table B: Daily average specific conductance (spc, µS/cm) and water column pressure 
(PSI) data at each probe location (probes are labeled in alphabetical order, downstream 
from probe A). 
 
 Date A  
Spc 
(µS/cm) 
A  
PSI 
B  
Spc 
(µS/cm) 
B  
PSI 
C  
Spc 
(µS/cm) 
C  
PSI 
D   
Spc 
(µS/cm) 
D   
PSI 
11/16/13 579 0.29 592 0.18 455 0.30 599 0.40 
11/17/13 582 0.29 595 0.18 491 0.26 603 0.40 
11/18/13 491 0.36 482 0.17 575 0.28 484 0.48 
11/19/13 577 0.34 584 0.19 575 0.29 595 0.44 
11/20/13 526 0.32 533 0.19 575 0.27 546 0.43 
11/21/13 543 0.30 554 0.17 538 0.25 556 0.41 
11/22/13 526 0.30 538 0.17 546 0.24 549 0.43 
11/23/13 557 0.33 565 0.16 558 0.23 545 0.43 
11/24/13 579 0.32 572 0.17 1022 0.35 581 0.43 
11/25/13 584 0.27 581 0.31 661 0.31 594 0.40 
11/26/13 632 0.29 631 0.27 572 0.29 620 0.41 
11/27/13 377 0.59 380 0.23 540 0.28 391 0.73 
11/28/13 398 0.60 435 0.20 570 0.27 424 0.74 
11/29/13 401 0.53 437 0.24 617 0.27 431 0.62 
11/30/13 420 0.49 457 0.25 796 0.31 449 0.54 
12/1/13 431 0.48 469 0.23 758 0.34 463 0.51 
12/2/13 442 0.47 479 0.17 597 0.37 465 0.51 
12/3/13 446 0.44 484 0.19 541 0.38 479 0.48 
12/4/13 456 0.43 493 0.71 508 0.33 487 0.46 
12/5/13 462 0.41 500 0.63 521 0.32 493 0.44 
12/6/13 468 0.42 506 0.48 540 0.30 500 0.44 
12/7/13 425 0.59 458 0.41 534 0.28 445 0.55 
12/8/13 458 0.45 493 0.44 535 0.34 490 0.48 
12/9/13 539 0.43 590 0.53 468 0.42 533 0.52 
12/10/13 545 0.51 588 0.50 477 0.36 585 0.53 
12/11/13 574 0.45 587 0.47 482 0.33 580 0.49 
12/12/13 543 0.44 545 0.46 490 0.31 545 0.46 
12/13/13 549 0.43 557 0.46 491 0.40 553 0.44 
12/14/13 563 0.41 577 0.60 526 0.33 564 0.42 
12/15/13 1043 0.55 1076 0.53 559 0.29 968 0.67 
12/16/13 656 0.52 677 0.58 1015 0.41 710 0.57 
12/17/13 574 0.49 590 0.59 698 0.39 588 0.53 
12/18/13 547 0.49 560 0.56 575 0.34 543 0.52 
12/19/13 578 0.47 592 0.52 558 0.31 569 0.48 
12/20/13 627 0.47 640 0.39 571 0.30 590 0.49 
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 Date A  
Spc 
(µS/cm) 
A  
PSI 
B  
Spc 
(µS/cm) 
B  
PSI 
C  
Spc 
(µS/cm) 
C  
PSI 
D   
Spc 
(µS/cm) 
D   
PSI 
12/21/13 806 0.53 822 0.28 686 0.38 746 0.57 
12/22/13 756 0.56 771 0.50 472 0.53 770 0.62 
12/23/13 598 0.60 613 0.45 453 0.42 602 0.66 
12/24/13 534 0.60 553 0.40 438 0.43 549 0.70 
12/25/13 503 0.54 519 0.39 427 0.46 512 0.61 
12/26/13 516 0.52 532 0.36 423 0.40 510 0.57 
12/27/13 530 0.50 547 0.38 418 0.37 534 0.54 
12/28/13 526 0.48 542 0.47 439 0.42 530 0.51 
12/29/13 536 0.57 553 0.51 454 0.41 528 0.58 
12/30/13 461 0.68 477 0.56 475 0.37 463 0.78 
12/31/13 469 0.58 485 0.57 479 0.36 473 0.66 
1/1/14 473 0.54 489 0.49 509 0.41 477 0.59 
1/2/14 479 0.52 495 0.46 518 0.35 483 0.56 
1/3/14 481 0.53 495 0.43 528 0.34 483 0.70 
1/4/14 517 0.50 532 0.40 548 0.31 510 0.59 
1/5/14 552 0.47 566 0.50 566 0.30 526 0.53 
1/6/14 1028 0.65 1052 0.74 596 0.29 869 0.73 
1/7/14 679 0.62 703 0.54 626 0.30 715 0.74 
1/8/14 571 0.54 581 0.47 618 0.28 577 0.63 
1/9/14 554 0.51 565 0.44 643 0.28 553 0.57 
1/10/14 574 0.49 582 0.48 626 0.26 553 0.54 
1/11/14 709 0.61 711 0.44 619 0.26 636 0.64 
1/12/14 468 0.78 484 0.41 621 0.26 484 0.88 
1/13/14 446 0.65 462 0.63 662 0.28 466 0.79 
1/14/14 435 0.67 450 0.60 958 0.28 448 0.78 
1/15/14 421 0.70 436 0.50 739 0.29 438 0.83 
1/16/14 416 0.63 428 0.44 1155 0.30 436 0.76 
1/17/14 411 0.59 424 0.41 806 0.28 433 0.71 
1/18/14 436 0.65 451 0.56 725 0.27 447 0.75 
1/19/14 449 0.65 467 0.85 700 0.26 462 0.78 
1/20/14 470 0.59 488 0.58 739 0.26 485 0.72 
1/21/14 473 0.56 491 0.59 732 0.26 493 0.69 
1/22/14 504 0.55 523 0.63 703 0.26 516 0.74 
1/23/14 512 0.54 531 0.55 871 0.39 531 0.65 
1/24/14 516 0.52 536 0.50 672 0.58 534 0.61 
1/25/14 537 0.51 558 0.57 587 0.43 548 0.59 
1/26/14 554 0.49 575 0.57 700 0.40 568 0.56 
1/27/14 587 0.50 609 0.51 611 0.37 586 0.57 
1/28/14 612 0.49 633 0.45 626 0.37 630 0.55 
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 Date A  
Spc 
(µS/cm) 
A  
PSI 
B  
Spc 
(µS/cm) 
B  
PSI 
C  
Spc 
(µS/cm) 
C  
PSI 
D   
Spc 
(µS/cm) 
D   
PSI 
1/29/14 607 0.48 628 0.45 950 0.35 614 0.52 
1/30/14 631 0.47 652 0.43 826 0.38 643 0.51 
1/31/14 615 0.46 635 0.39 876 0.43 625 0.49 
2/1/14 608 0.46 629 0.37 749 0.47 617 0.49 
2/2/14 613 0.47 633 0.35 655 0.43 619 0.51 
2/3/14 655 0.48 680 0.37 606 0.40 645 0.53 
2/4/14 950 0.48 976 0.35 576 0.37 934 0.53 
2/5/14 740 0.49 761 0.33 568 0.34 723 0.58 
2/6/14 1145 0.50 1174 0.31 573 0.32 1122 0.57 
2/7/14 791 0.48 812 0.30 602 0.32 820 0.55 
2/8/14 714 0.46 736 0.30 591 0.31 725 0.52 
2/9/14 691 0.46 712 0.33 598 0.29 698 0.49 
2/10/14 732 0.46 755 0.37 601 0.29 729 0.49 
2/11/14 721 0.45 741 0.38 599 0.28 733 0.49 
2/12/14 682 0.44 703 0.40 609 0.28 700 0.48 
2/13/14 856 0.61 904 0.42 619 0.27 835 0.67 
2/14/14 668 0.84 683 0.39 618 0.27 686 0.96 
2/15/14 584 0.69 602 0.36 625 0.26 597 0.83 
2/16/14 696 0.65 716 0.35 629 0.26 700 0.80 
2/17/14 604 0.60 623 0.35 630 0.27 623 0.75 
2/18/14 630 0.58 646 0.34 619 0.27 620 0.74 
2/19/14 950 0.59 974 0.32 600 0.30 927 0.70 
2/20/14 820 0.62 838 0.48 665 0.37 844 0.87 
2/21/14 879 0.69 899 0.60 582 0.33 874 0.78 
2/22/14 744 0.73 768 0.69 563 0.31 775 0.83 
2/23/14 652 0.69 675 0.63 537 0.31 677 0.81 
2/24/14 602 0.66 624 0.56 531 0.30 629 0.79 
2/25/14 570 0.62 592 0.53 534 0.29 600 0.74 
2/26/14 561 0.58 585 0.54 542 0.28 596 0.70 
2/27/14 563 0.56 590 0.61 638 0.31 600 0.66 
2/28/14 593 0.54 619 0.52 551 0.29 621 0.64 
3/1/14 582 0.52 609 0.75 542 0.28 612 0.62 
3/2/14 589 0.51 613 0.83 541 0.28 614 0.57 
3/3/14 591 0.50 611 0.62 523 0.27 617 0.56 
3/4/14 587 0.49 616 0.58 541 0.26 614 0.56 
3/5/14 597 0.48 627 0.53 569 0.26 622 0.52 
3/6/14 607 0.48 639 0.49 591 0.26 631 0.52 
3/7/14 606 0.47 639 0.46 622 0.25 632 0.52 
3/8/14 615 0.48 643 0.43 631 0.27 634 0.51 
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 Date A  
Spc 
(µS/cm) 
A  
PSI 
B  
Spc 
(µS/cm) 
B  
PSI 
C  
Spc 
(µS/cm) 
C  
PSI 
D   
Spc 
(µS/cm) 
D   
PSI 
3/9/14 618 0.48 645 0.42 433 0.70 640 0.52 
3/10/14 620 0.49 647 0.40 429 0.65 638 0.52 
3/11/14 610 0.50 636 0.38 435 0.52 630 0.54 
3/12/14 591 0.53 618 0.37 463 0.44 606 0.58 
3/13/14 659 0.62 688 0.37 478 0.40 669 0.81 
3/14/14 577 0.56 598 0.36 495 0.37 598 0.65 
3/15/14 556 0.55 579 0.37 517 0.39 575 0.66 
3/16/14 530 0.54 551 0.38 480 0.35 549 0.64 
3/17/14 522 0.52 545 0.39 490 0.33 543 0.59 
3/18/14 524 0.50 547 0.40 494 0.42 546 0.56 
3/19/14 533 0.50 557 0.46 491 0.37 554 0.55 
3/20/14 632 0.54 658 0.58 495 0.34 643 0.61 
3/21/14 548 0.52 565 0.50 505 0.32 564 0.59 
3/22/14 536 0.51 556 0.49 513 0.31 553 0.57 
3/23/14 533 0.50 554 0.47 505 0.31 552 0.55 
3/24/14 512 0.49 533 0.44 507 0.30 535 0.53 
3/25/14 531 0.48 554 0.41 502 0.36 551 0.51 
3/26/14 560 0.47 582 0.40 416 0.60 578 0.51 
3/27/14 584 0.46 605 0.47 456 0.44 601 0.51 
3/28/14 618 0.46 638 0.44 466 0.39 627 0.50 
3/29/14 624 0.49 641 0.42 485 0.35 641 0.53 
3/30/14 431 0.99 443 0.41 497 0.33 427 0.81 
3/31/14 421 0.92 432 0.39 499 0.31 424 0.99 
4/1/14 426 0.78 437 0.37 508 0.30 435 0.88 
4/2/14 452 0.69 464 0.37 510 0.35 469 0.84 
4/3/14 464 0.63 478 0.35 488 0.33 490 0.79 
4/4/14 475 0.59 490 0.35 506 0.30 504 0.75 
4/5/14 500 0.61 515 0.40 504 0.33 525 0.78 
4/6/14 461 0.56 479 0.67 498 0.34 497 0.72 
4/7/14 471 0.53 493 0.79 498 0.32 507 0.68 
4/8/14 481 0.65 500 0.66 511 0.31 512 0.79 
4/9/14 476 0.59 494 0.68 520 0.30 502 0.75 
4/10/14 478 0.55 496 0.59 460 0.42 511 0.69 
4/11/14 488 0.52 507 0.53 471 0.36 519 0.66 
4/12/14 495 0.51 514 0.56 486 0.33 523 0.63 
4/13/14 486 0.50 505 0.49 504 0.31 515 0.62 
4/14/14 487 0.49 506 0.45 508 0.30 510 0.60 
4/15/14 488 0.57 503 0.49 515 0.28 512 0.66 
4/16/14 410 0.83 423 0.53 525 0.27 417 0.89 
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 Date A  
Spc 
(µS/cm) 
A  
PSI 
B  
Spc 
(µS/cm) 
B  
PSI 
C  
Spc 
(µS/cm) 
C  
PSI 
D   
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D   
PSI 
4/17/14 444 0.65 457 0.47 544 0.26 468 0.80 
4/18/14 452 0.60 466 0.43 554 0.26 480 0.75 
4/19/14 479 0.54 484 0.41 552 0.26 499 0.70 
4/20/14 488 0.50 499 0.40 555 0.25 514 0.64 
4/21/14 491 0.48 505 0.39 563 0.24 511 0.61 
4/22/14 500 0.47 519 0.48 565 0.23 524 0.61 
4/23/14 507 0.53 518 0.69 580 0.23 522 0.69 
4/24/14 480 0.51 501 0.58 594 0.22 507 0.69 
4/25/14 498 0.47 517 0.52 598 0.22 522 0.61 
4/26/14 499 0.51 520 0.48 533 0.33 516 0.66 
4/27/14 488 0.51 515 0.43 500 0.29 510 0.69 
4/28/14 489 0.49 514 0.39 518 0.27 511 0.69 
4/29/14 503 0.47 528 0.38 530 0.26 529 0.65 
4/30/14 508 0.46 531 0.52 527 0.24 533 0.65 
5/1/14 460 0.62 489 0.48 517 0.26 476 0.82 
5/2/14 467 0.55 477 0.39 544 0.27 494 0.78 
5/3/14 476 0.50 492 0.81 515 0.26 510 0.73 
5/4/14 485 0.48 497 0.63 520 0.26 517 0.70 
5/5/14 490 0.46 499 0.49 493 0.26 522 0.67 
5/6/14 502 0.44 512 0.61 474 0.27 534 0.66 
5/7/14 512 0.43 525 0.58 491 0.33 544 0.64 
5/8/14 526 0.42 538 0.30 508 0.25 558 0.63 
5/9/14 534 0.41 544 0.32 639 0.21 565 0.62 
5/10/14 537 0.41 546 0.44 496 0.25 570 0.62 
5/11/14 538 0.41 548 0.45 467 0.26 571 0.62 
5/12/14 544 0.39 558 0.38 454 0.26 577 0.60 
5/13/14 551 0.38 567 0.36 456 0.26 586 0.58 
5/14/14 566 0.37 580 0.34 468 0.29 601 0.57 
5/15/14 579 0.37 595 0.32 482 0.27 611 0.56 
5/16/14 583 0.37 598 0.32 698 0.19 600 0.56 
5/17/14 525 0.52 537 0.32 815 0.12 534 0.74 
5/18/14 493 0.46 506 0.31 890 0.10 518 0.70 
5/19/14 510 0.44 522 0.29 936 0.08 532 0.66 
5/20/14 522 0.43 534 0.28 656 0.20 545 0.65 
5/21/14 516 0.41 532 0.27 749 0.16 543 0.61 
5/22/14 512 0.43 524 0.25 865 0.11 529 0.63 
5/23/14 530 0.44 544 0.26 715 0.22 551 0.66 
5/24/14 498 0.40 516 0.45 568 0.25 526 0.64 
5/25/14 502 0.40 520 0.38 544 0.22 526 0.64 
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A  
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B  
Spc 
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C  
PSI 
D   
Spc 
(µS/cm) 
D   
PSI 
5/26/14 484 0.40 500 0.36 555 0.19 508 0.63 
5/27/14 466 0.42 483 0.35 555 0.21 489 0.65 
5/28/14 489 0.48 501 0.32 575 0.18 497 0.74 
5/29/14 506 0.38 516 0.35 587 0.15 521 0.66 
5/30/14 658 0.35 639 0.37 614 0.14 662 0.55 
5/31/14 489 0.41 505 0.35 654 0.11 513 0.64 
6/1/14 461 0.43 476 0.35 543 0.10 483 0.65 
6/2/14 449 0.43 464 0.35 613 0.09 465 0.66 
6/3/14 451 0.42 467 0.38 807 0.09 468 0.63 
6/4/14 471 0.46 483 0.46 816 0.06 480 0.68 
6/5/14 485 0.43 495 0.32 801 0.08 496 0.66 
6/6/14 711 0.33 712 0.28 833 0.08 702 0.57 
6/7/14 831 0.27 821 0.37 850 0.07 815 0.47 
6/8/14 908 0.24 894 0.38 821 0.05 879 0.35 
6/9/14 966 0.23 952 0.38 829 0.04 923 0.29 
6/10/14 658 0.36 674 0.37 843 0.04 676 0.44 
6/11/14 761 0.31 734 0.41 858 0.03 736 0.45 
6/12/14 890 0.26 862 0.37 872 0.02 868 0.36 
6/13/14 721 0.40 730 0.26 676 0.16 747 0.48 
6/14/14 565 0.43 580 0.18 469 0.32 584 0.57 
6/15/14 538 0.40 553 0.15 492 0.22 561 0.52 
6/16/14 543 0.36 558 0.14 510 0.17 565 0.46 
6/17/14 544 0.39 558 0.29 532 0.13 552 0.46 
6/18/14 562 0.34 579 0.24 566 0.10 593 0.43 
6/19/14 582 0.31 601 0.18 597 0.07 612 0.39 
6/20/14 606 0.29 629 0.34 639 0.05 650 0.36 
6/21/14 637 0.26 663 0.38 675 0.03 681 0.32 
6/22/14 675 0.25 699 0.34 699 0.01 727 0.29 
6/23/14 701 0.23 725 0.30 632 0.00 749 0.26 
6/24/14 782 0.22 797 0.32 751 0.01 782 0.25 
6/25/14 774 0.19 807 0.27 578 0.19 832 0.22 
6/26/14 789 0.20 811 0.23 588 0.15 823 0.22 
6/27/14 803 0.19 836 0.21 580 0.11 836 0.21 
6/28/14 791 0.18 834 0.18 617 0.08 823 0.19 
6/29/14 798 0.17 828 0.17 657 0.06 819 0.18 
6/30/14 821 0.16 847 0.15 676 0.05 830 0.17 
7/1/14 848 0.15 882 0.16 693 0.03 854 0.16 
7/2/14 873 0.15 922 0.14 716 0.01 872 0.16 
7/3/14 889 0.15 948 0.15 766 0.01 892 0.15 
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(µS/cm) 
A  
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7/4/14 681 0.33 766 0.14 818 0.00 718 0.37 
7/5/14 474 0.52 487 0.13 792 0.00 477 0.70 
7/6/14 492 0.41 511 0.12 785 0.00 505 0.53 
7/7/14 506 0.35 523 0.11 732 0.00 523 0.44 
7/8/14 523 0.31 543 0.11 528 0.00 541 0.38 
7/9/14 555 0.27 571 0.11 433 0.00 579 0.33 
7/10/14 584 0.26 593 0.11 17 0.00 617 0.27 
7/11/14 626 0.23 634 0.29 3 0.00 658 0.22 
7/12/14 665 0.22 671 0.55 195 0.00 697 0.19 
7/13/14 699 0.20 697 0.37 330 0.00 733 0.17 
7/14/14 739 0.19 728 0.31 39 0.00 765 0.16 
7/15/14 789 0.20 768 0.26 0 0.00 790 0.17 
7/16/14 576 0.41 572 0.22 0 0.00 587 0.43 
7/17/14 580 0.36 580 0.19 168 0.01 606 0.42 
7/18/14 570 0.31 562 0.17 275 0.01 592 0.33 
7/19/14 604 0.27 593 0.15 5 0.00 625 0.28 
7/20/14 645 0.25 629 0.14 0 0.01 668 0.25 
7/21/14 671 0.24 657 0.13 0 0.01 694 0.23 
7/22/14 688 0.23 685 0.14 0 0.01 716 0.20 
7/23/14 712 0.21 714 0.34 274 0.03 745 0.18 
7/24/14 728 0.20 734 0.33 538 0.02 761 0.18 
7/25/14 766 0.20 768 0.25 120 0.00 787 0.17 
7/26/14 787 0.19 788 0.21 0 0.01 809 0.16 
7/27/14 800 0.18 801 0.20 0 0.00 818 0.15 
7/28/14 852 0.18 843 0.19 0 0.00 843 0.15 
7/29/14 877 0.18 869 0.17 0 0.01 868 0.14 
7/30/14 856 0.16 858 0.15 0 0.01 870 0.14 
7/31/14 867 0.13 850 0.14 0 0.01 860 0.13 
8/1/14 854 0.13 840 0.14 3 0.00 855 0.13 
8/2/14 802 0.14 800 0.13 0 0.01 840 0.14 
8/3/14 834 0.15 823 0.12 0 0.01 800 0.16 
8/4/14 876 0.14 863 0.12 0 0.01 870 0.15 
8/5/14 869 0.14 857 0.12 0 0.01 870 0.13 
8/6/14 859 0.13 849 0.12 0 0.01 864 0.12 
8/7/14 808 0.14 810 0.11 0 0.01 854 0.15 
8/8/14 759 0.15 759 0.11 0 0.02 732 0.16 
8/9/14 850 0.13 840 0.13 0 0.02 834 0.14 
8/10/14 871 0.12 856 0.14 5 0.01 863 0.12 
8/11/14 880 0.12 866 0.13 4 0.00 875 0.09 
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8/12/14 883 0.11 865 0.12 0 0.01 884 0.09 
8/13/14 685 0.17 682 0.12 0 0.01 778 0.16 
8/14/14 693 0.17 678 0.13 0 0.01 623 0.18 
8/15/14 926 0.14 899 0.15 0 0.01 862 0.14 
8/16/14 948 0.13 920 0.12 13 0.01 923 0.12 
8/17/14 931 0.12 913 0.11 208 0.01 914 0.12 
8/18/14 932 0.11 913 0.10 0 0.01 915 0.11 
8/19/14 966 0.11 929 0.10 0 0.02 917 0.09 
8/20/14 1014 0.11 973 0.16 0 0.00 943 0.09 
8/21/14 1009 0.11 974 0.17 0 0.00 949 0.09 
8/22/14 958 0.13 937 0.13 0 0.00 939 0.11 
8/23/14 995 0.11 964 0.12 0 0.00 926 0.09 
8/24/14 1024 0.10 981 0.11 0 0.00 944 0.07 
8/25/14 1106 0.11 1052 0.10 0 0.00 970 0.07 
8/26/14 1077 0.10 1038 0.09 0 0.00 1001 0.06 
8/27/14 1054 0.09 993 0.10 0 0.00 723 0.03 
8/28/14 1069 0.09 993 0.10 0 0.00 417 0.01 
8/29/14 1095 0.09 989 0.12 0 0.00 0 -0.02 
8/30/14 1060 0.08 972 0.11 0 0.00 0 0.00 
8/31/14 1089 0.09 995 0.09 0 0.00 1 0.00 
9/1/14 952 0.12 946 0.10 0 0.00 807 0.07 
9/2/14 1042 0.10 995 0.09 0 0.00 883 0.07 
9/3/14 1094 0.09 1026 0.08 0 0.00 3 0.00 
9/4/14 1104 0.09 1021 0.08 0 0.00 0 0.00 
9/5/14 1118 0.09 1020 0.08 0 0.00 0 0.00 
9/6/14 1103 0.10 1034 0.08 0 0.00 0 0.00 
9/7/14 711 0.15 711 0.08 0 0.00 782 0.17 
9/8/14 786 0.10 786 0.12 0 0.00 801 0.10 
9/9/14 896 0.09 850 0.10 0 0.00 156 0.01 
9/10/14 991 0.09 931 0.09 0 0.00 0 0.00 
9/11/14 1105 0.10 1010 0.09 0 0.00 0 0.00 
9/12/14 1148 0.09 1037 0.09 0 0.00 0 0.00 
9/13/14 1096 0.10 1037 0.10 0 0.00 0 0.00 
9/14/14 910 0.12 909 0.17 0 0.00 870 0.12 
9/15/14 934 0.10 908 0.12 0 0.00 549 0.03 
9/16/14 1011 0.10 956 0.10 0 0.00 3 0.00 
9/17/14 1130 0.10 1047 0.10 0 0.00 0 0.01 
9/18/14 1160 0.10 1088 0.10 0 0.00 0 0.00 
9/19/14 1176 0.09 1071 0.10 0 0.00 0 0.00 
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9/20/14 1188 0.09 1060 0.11 0 0.00 0 0.00 
9/21/14 1067 0.11 991 0.15 0 0.00 43 0.01 
9/22/14 631 0.15 625 0.11 0 0.00 632 0.18 
9/23/14 929 0.11 871 0.11 0 0.00 753 0.09 
9/24/14 1080 0.10 1004 0.12 0 0.00 170 0.01 
9/25/14 1149 0.10 1063 0.11 0 0.00 0 0.01 
9/26/14 1185 0.10 1109 0.10 0 0.00 0 0.00 
9/27/14 1187 0.10 1106 0.10 0 0.00 0 0.00 
9/28/14 1193 0.09 1108 0.12 0 0.00 0 0.00 
9/29/14 1202 0.09 1109 0.18 0 0.00 0 0.00 
9/30/14 1174 0.11 1119 0.12 0 0.00 14 0.01 
10/1/14 686 0.21 751 0.11 0 0.00 804 0.24 
10/2/14 712 0.27 700 0.11 0 0.00 653 0.38 
10/3/14 1193 0.17 1155 0.11 0 0.00 1073 0.23 
10/4/14 1312 0.15 1270 0.10 0 0.00 1225 0.21 
10/5/14 1070 0.17 1061 0.10 0 0.00 1100 0.24 
10/6/14 1260 0.14 1216 0.10 0 0.00 1120 0.20 
10/7/14 1326 0.14 1274 0.13 0 0.00 1205 0.17 
10/8/14 1224 0.15 1198 0.25 0 0.00 1219 0.18 
10/9/14 1260 0.15 1209 0.31 0 0.00 1123 0.17 
10/10/14 1334 0.14 1274 0.20 0 0.00 1183 0.14 
10/11/14 1080 0.18 1070 0.18 0 0.00 1133 0.20 
10/12/14 953 0.20 924 0.19 0 0.00 835 0.27 
10/13/14 1203 0.18 1151 0.16 0 0.00 1097 0.23 
10/14/14 1232 0.18 1196 0.15 0 0.00 1175 0.21 
10/15/14 1220 0.18 1188 0.16 0 0.00 1168 0.18 
10/16/14 931 0.29 932 0.14 0 0.00 953 0.35 
10/17/14 698 0.30 695 0.13 0 0.00 701 0.51 
10/18/14 630 0.26 630 0.18 0 0.00 638 0.45 
10/19/14 630 0.24 629 0.20 0 0.00 635 0.43 
10/20/14 633 0.22 632 0.18 0 0.00 636 0.41 
10/21/14 693 0.20 688 0.16 0 0.00 685 0.38 
10/22/14 598 0.33 599 0.16 0 0.00 615 0.53 
10/23/14 357 0.78 361 0.33 0 0.00 351 0.96 
10/24/14 434 0.62 439 0.41 0 0.00 434 0.96 
10/25/14 452 0.50 458 0.34 0 0.00 464 0.87 
10/26/14 457 0.44 468 0.32 0 0.00 466 0.80 
10/27/14 468 0.38 475 0.30 0 0.00 477 0.73 
10/28/14 491 0.34 499 0.27 0 0.00 501 0.68 
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10/29/14 515 0.32 528 0.38 0 0.00 525 0.64 
10/30/14 535 0.30 546 0.63 0 0.00 546 0.61 
10/31/14 553 0.28 562 0.50 0 0.00 563 0.58 
11/1/14 518 0.37 526 0.56 0 0.00 532 0.69 
11/2/14 462 0.52 466 0.50 0 0.00 467 0.86 
11/3/14 467 0.46 473 0.50 0 0.00 472 0.83 
11/4/14 489 0.38 494 0.46 0 0.00 496 0.73 
11/5/14 504 0.35 526 0.43 0 0.00 514 0.68 
 
Table C: The five-year monthly average concentrations of calcium, sodium, and chloride 
during the month of May, June, and July in Hubbard Brook, NH (watershed 6).   
 
 
MAY 
Year  [Ca] (mg/L) [Na] (mg/L)  [Cl] (mg/L) 
2006 0.56 0.61 0.36 
2007 0.58 0.69 0.32 
2008 0.56 0.64 0.27 
2009 0.56 0.63 0.26 
2010 0.57 0.67 0.30 
5 year average 0.57 ± 0.01 0.65 ± 0.02 0.30 ± 0.04 
 
JUNE 
Year  [Ca] (mg/L)  [Na] (mg/L) [Cl] (mg/L) 
2006 0.61 0.77 0.38 
2007 0.65 0.82 0.39 
2008 0.64 0.76 0.31 
2009 0.58 0.67 0.27 
2010 0.61 0.65 0.28 
5 year average 0.62± 0.02 0.74± 0.06 0.33± 0.05 
 
JULY 
Year  [Ca] (mg/L)  [Na] (mg/L)  [Cl] (mg/L) 
2006 0.62 0.86 0.42 
2007 0.64 0.82 0.33 
2008 0.62 0.75 0.32 
2009 0.56 0.56 0.22 
2010 0.61 0.85 0.34 
5 year average 0.61 ± 0.02 0.77 ± 0.12 0.33 ± 0.06 
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Table D:	  Weekly sums of TDLCl in the THB model and J-IH model.  
 
Week  Date 
Start 
TDLCl  
(Tons Cl)  
THB Model 
TDLCl  
(Tons Cl)  
J-IH Model 
1 11/16/13 0.06 2.97 
2 11/23/13 5.38 7.28 
3 11/30/13 1.67 3.63 
4 12/7/13 3.83 5.27 
5 12/14/13 5.08 6.71 
6 12/21/13 9.44 11.65 
7 12/28/13 8.71 6.84 
9 1/11/14 18.03 21.05 
10 1/18/14 9.81 10.51 
11 1/25/14 4.08 6.60 
12 2/1/14 4.72 10.09 
13 2/8/14 14.09 12.12 
14 2/15/14 21.69 28.27 
17 3/8/14 7.24 11.70 
18 3/15/14 6.24 9.56 
19 3/22/14 3.50 6.26 
21 4/5/14 9.22 15.21 
22 4/12/14 12.28 17.21 
23 4/19/14 4.26 13.99 
24 4/26/14 5.43 13.13 
25 5/3/14 1.91 12.60 
26 5/10/14 0.16 10.66 
27 5/17/14 2.04 11.88 
28 5/24/14 0.85 7.74 
29 5/31/14 1.07 6.73 
30 6/7/14 1.05 9.36 
31 6/14/14 0.32 6.06 
32 6/21/14 0 5.67 
33 6/28/14 1.16 5.53 
34 7/5/14 0.99 11.27 
35 7/12/14 0.84 8.14 
36 7/19/14 0 7.03 
37 7/26/14 0 3.90 
38 8/2/14 0 3.32 
40 8/16/14 0 3.21 
41 8/23/14 0 3.32 
42 8/30/14 0 2.87 
43 9/6/14 0 1.19 
44 9/13/14 0 2.70 
45 9/20/14 0 3.18 
46 9/27/14 0 5.22 
48 10/11/14 0.23 6.12 
49 10/18/14 7.97 15.25 
50 10/25/14 0.81 13.61 
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Table E: Tons of chloride retained with a constant or increasing de-icer application rate 
(10% annual increase) 
Year Tons of Cl Retention (Constant 
Application Rate) 
Tons of Cl Retention 
(Increasing Application 
Rate) 
1995 1023 1023 
1996 1535 1125 
1997 1790 1237 
1998 1918 1361 
1999 1982 1497 
2000 2014 1647 
2001 2030 1812 
2002 2038 1993 
2003 2042 2192 
2004 2044 2412 
2005 2045 2653 
2006 2045 2918 
2007 2045 3211 
2008 2046 3531 
2009 2046 3884 
2010 2046 4273 
2011 2046 4700 
2012 2046 5170 
2013 2046 5687 
2014 2046 6256 
 
 
